Robertsonian (Rb) translocations, in particular centric fusions, are thought to play a primary role in evolution and speciation of the Bovidae family. However, Rb fusions are often polymorphic within species, being suggested as phylogenetically uninformative characters. This work studies chromosome variation in 72 captive individuals of 6 species of Alcelaphini (Antilopinae): The hartebeest (genus Alcelaphus), hirola (Beatragus), black and blue wildebeests (Connochaetes), and the topi and bontebok (Damaliscus). We infer the phylogenic relationships among Alcelaphini species and determine patterns of chromosomal evolution using G-banded karyotypes and complete mitochondrial genome sequences. The molecular phylogeny showed an early divergence of Connochaetes, followed by the split of Alcelaphus plus Beatragus + Damaliscus as sister taxa. Mitochondrial and chromosomal phylogenies only differed in the position of the critically endangered Beatragus, likely due to homoplasic chromosome characters. Patterns of chromosome evolution, reconstructed using a probabilistic approach, suggest that chromosome changes leading to speciation in Alcelaphini do not exclusively involve consecutive reduction of diploid number through centric fusion but also the losses and reversions of Rb translocations in Beatragus and Damaliscus lineages. Our results provide evidence that complex scenarios of chromosomal rearrangements can be detected in relatively recent-diverged bovids, as in this group of antelopes.
The tribe Alcelaphini (family Bovidae, subfamily Antilopinae) is a group of medium-to large-sized antelopes that inhabit savanna grasslands and woodlands of sub-Saharan Africa (Kingdon 1997; East 1998) . Alcelaphini is generally regarded to comprise 6 species, Alcelaphus buselaphus (hartebeest), Connochaetes gnou (black wildebeest), Connochaetes taurinus (blue wildebeest), Beatragus hunteri (hirola), Damaliscus pygargus (blesbok/bontebok), and Damaliscus lunatus (topi; Kingdon 1982; Fernandez and Vrba 2005) . Classification of Alcelaphini has varied among taxonomists, with Meester et al. (1986) and Grubb (1993) identifying Sigmoceros as a separate genus distinct from Alcelaphus, whereas Van Gelder (1977) (Allen 1939; Roberts 1951; Yalden et al. 1984) .
Phylogenetic relationships of Alcelaphini have been assessed using morphological and molecular data. For instance, Pitra et al. (1998) and Matthee and Robinson (1999) demonstrated that Alcelaphus + Sigmoceros clusters with Beatragus, and Damaliscus is the sister taxon, using the mitochondrial gene Cytochrome b. Matthee and Davis (2001) , by combining nuclear and mitochondrial genes showed a phylogeny that clusters Beatragus and Damaliscus, and as a sister group Alcelaphus and Connochaetes. Most recently, Fernandez and Vrba (2005) divided Alcelaphini into 3 unresolved groups: Damalicus + Beatragus, Connochaetes, and Alcelaphus + Sigmoceros, according to morphological, ethological, and molecular data. Despite these studies, the relative order of divergence of Alcelaphini species still remains controversial; in particular, the phylogenetic position of the critically endangered B. hunteri, species that was omitted in recently built phylogenies involving larger datasets (Hassanin et al. 2012) .
Chromosomal data have also been used to infer phylogenetic relationships and patterns of chromosome evolution among antilopines and other bovids Evans 1978a, 1978b; Vassart et al. 1995) . In Alcelaphini, chromosomes are known to vary between 2n = 36 in D. lunatus and 2n = 58 in C. gnou and C. taurinus, with A. buselaphus, B. hunteri, and D. pygargus having 2n = 40, 2n = 44 and 2n = 38, respectively (Hsu and Benirschke 1971a , 1971b , 1974 , 1975 van der Veen and Penzhorn 1987; Corbet and Robinson 1991; Claro et al. 1995; Kumamoto et al. 1996) . Chromosomal differences among bovids are largely the result of centric fusion rearrangements also called Robertsonian (Rb) translocations (Wurster and Benirschke 1967; Wallace 1980; Chaves et al. 2004) . Using Q-banding and numbering autosomal arms according to the standard karyotype of cattle, Bos taurus, Gallagher and Womack (1992) demonstrated the importance of Rb translocations in the chromosomal evolution and speciation of bovids. In Alcelaphini, G-banded karyotypes have revealed centric fusion differences between taxa (Buckland and Evans 1978a; Corbet and Robinson 1991; Robinson et al. 1991; Claro et al. 1995; Kumamoto et al. 1996) , results that have been extended and confirmed by multidirectional chromosome painting (Chaves et al. 2004; Rubes et al. 2012) . Several cytogenetic studies have described the presence of centric fusion polymorphisms within species in the family Bovidae (Wurster and Benirschke 1967; Gallagher and Womack 1992; Vassart et al. 1995; Rubes et al. 2007 ). For instance, Kumamoto et al. (1995) reported that the chromosomal complement of Gazella saudiya is 2n = 46-53 and Gazella bennetti is 2n = 49-52. The variation in diploid number of chromosomes is a result of an autosome-to-X chromosome translocation and 4 independent autosomal centric fusions. A more recent study in captive species showed that 13% of 228 investigated individuals (5 of 21 species) were polymorphic for Rb translocations, demonstrating the important role of cytogenetic screening for management of captive animals at zoological gardens (Pagacova et al. 2011 ).
This study evaluates chromosome variation in 72 captive individuals of 6 species of Alcelaphini via G-banded karyotyping to detect intraspecies polymorphism that may result from species hybridization or de novo chromosome rearrangements. By using chromosomal data and complete mitochondrial genome sequences, we also infer the phylogenic relationships among Alcelaphini and determine patterns of chromosomal evolution in this group of antelopes. Our results provide a solid framework to understand the phylogeny of Alcelaphini, and chromosome changes that may have contributed to the speciation of these bovids.
Materials and Methods

Cytogenetic Data
We studied the chromosomes of 72 captive born specimens of Alcelaphini, including 19 A. buselaphus (8 A. b. caama and 11 A. b. jacksoni), 9 C. gnou, 11 C. taurinus (10 C. t. albojubatus and 1 C. t. taurinus), 9 D. lunatus (D. l. jimela) , and 6 D. pygargus (6 D. p. phillipsi; Table 1 ). Cytogenetic data from 3 B. hunteri, 4 D. lunatus, and 11 D. pygargus (4 D. p. phillipsi and 7 D. p. pygargus) were previously published by Kumamoto et al. (1996) .
All samples were collected from captive animals at San Diego Zoo, San Diego Zoo Safari Park, San Antonio Zoo, San Francisco Zoo, and Gladys Porter Zoo (Brownsville, TX). Records of the captive populations, though incomplete, indicate these specimens are descendants of animals captured in the following countries: Kenya (A. b. jacksoni, C. t. albojubatus, D. hunteri, and D. l. jimela) , Namibia (A. b. caama, C. gnou, and C. t. taurinus), South Africa (D. p. phillipsi and D. p. pygargus) , and Tanzania (D. l. jimela). Introduced populations of C. gnou have been established in Namibia although the species was originally endemic to South Africa (Ansell 1977) .
Chromosomes were derived from lymphocytes and/or fibroblast cell cultures. Fibroblasts are archived in the San Diego Zoo's Frozen Zoo® cell repository. Cell culturing, harvesting, and chromosome banding followed the techniques described by Kumamoto et al. (1996) . G-band homology between Alcelaphini taxa was identified using numbering that followed the standard karyotype of cattle, B. taurus (Popescu et al. 1996) . Gallagher and Womack (1992) demonstrated extensive arm homologies among several species of bovids using the cattle (Bos) standard. Because Alcelaphini chromosomes could be identified to Bos homologues, we followed this convention to facilitate karyotypic comparisons between our specimens. Karyotypes consisted of metacentric/submetacentric chromosomes arranged first, followed by acrocentric elements. Bi-armed chromosomes were positioned with the lower numbered Bos homologue in the q-arm position and were arranged from lowest to highest Bos number. Each karyotype represents a single metaphase cell.
Cladistic Analysis
Maximum parsimony (MP) analysis of G-banded karyotypes was performed using a 23 character-by-species data matrix established by assigning a value of 0 or 1 for the absence or presence, respectively, of each chromosome character in a species' karyotype (Supplementary Table S1 online); characters were given equal weighting. MP trees were generated using a heuristic search option in PAUP v. 4.0b10 (Swofford 2002) , with B. taurus (Bovinae) and Oryx dammah (Antilopinae, Hippotragini) designated as outgroups. Bos taurus and O. dammah were included as outgroups because it is possible to follow their chromosome-arm homologies with alcelaphines, and thus, karyotypes can be arranged according to the cattle standard (Popescu et al. 1996) . The G-banded karyotype of O. dammah used in our analysis was from Kumamoto et al. (1999) . The B. taurus karyotype was considered the ancestral condition for all bovids as proposed by Gallagher et al. (1994) and Slate et al. (2002) . These studies suggested that the 2n = 60, NAA = 58 (number of autosomal arms) karyotype present in modern cattle most likely represents the ancestral condition for Bovidae, according to comparative cytogenetic data between cattle, pronghorn, giraffe, and deer, and comparative mapping analyses of sheep, deer, cattle, and human. Phylogenetic support for each node was assessed using 1000 bootstrap replicates, and consistency and retention indices were estimated.
Molecular Data
Complete mitochondrial genomes were amplified and sequenced for B. hunteri and D. lunatus; these new genomes are deposited at Genbank under the accession numbers KF955545 and KF955546, respectively. Total DNA was extracted from fibroblast cell cultures banked at the San Diego Zoo Institute for Conservation Research using a standard phenol/chloroform protocol. The mitochondrial genomes were amplified in 4 overlapping amplicons using polymerase chain reaction (PCR) primers designed specially for this study (Supplementary Table S2 online). Forward and reverse primers were designed in conserved regions by using alignments of Bovidae mitochondrial sequences obtained from Genbank. PCR reactions were performed in a 25 µL volume using Eppendorf Mastercycler Gradient thermal cyclers. Each reaction included 1 µL of extracted DNA (60 ng), 2.5 µL of 10X HiFi PCR buffer, 1.25 µL of MgSO 4 50 mM, 2.0 µL of 2.5 mM deoxynucleoside triphosphates, 1.0 µL 10 µM of each primer, and 0.2 µL High Fidelity Platinum Taq (Invitrogen, Carlsbad, CA). The PCR cycling conditions were 94 ºC for 2 min, followed by 34 cycles of denaturation at 94 ºC for 30 s, annealing for 30 s, and 68 ºC for 7 min, with a final extension at 68 ºC for 7 min. Both strands of all amplicons were Sanger sequenced using an ABI 3130 automatic sequencer (Applied Biosystems). Additional sequencing primers were also designed for filling gaps by genome walking (Supplementary  Table S2 online). DNA sequences were edited and aligned with Sequencher 5.0 (Gene Codes, Ann Arbor, MI).
Phylogenetic Analysis
Complete mitochondrial genomes were assembled and aligned with the other 4 Alcelaphini mitogenomes previously published by Hassanin et al. (2012) using Sequencher 5.0 (Gene Codes, Ann Arbor, MI). Protein-coding genes and ribosomal and transfer RNA genes were identified by comparison with B. taurus. All ambiguous regions were excluded from the analyses to avoid erroneous hypotheses of primary homology. For this reason, the control region was not included in the alignment because of the presence of many ambiguous gaps. The final alignment consists of 15 439 nucleotide sites (nt).
The maximum likelihood (ML) analysis was performed using RAxML-7.0.4 (Stamatakis 2006 ) and the Bayesian inference in MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) . Phylogenetic analyses of the total alignment were performed considering 5 partitions, corresponding to: tRNAs (1512 nt), rRNA (2527 nt), and first, second, and third codon sites of the protein-coding genes (11 400 nt). Modeltest 3.7 (Posada and Crandall 1998) was used to select the model of sequence evolution of 5 partitions according to the Akaike Information Criterion, selecting in all cases the generalized time-reversible model (GTR) plus gamma distribution (G), and invariable sites (I).
The Bayesian inference consisted of 2 concurrent runs with 4 Markov chains (1 cold and 7 heated chains with a temperature of 0.2), 10 million generations (sampled every 1000 generations), and a 50% burn-in. We considered runs to have converged on stationarity when there were no trends in generation versus logL plots, potential scale reduction factors were near 1.0 for all parameters, and the average standard deviation of split frequencies was below 0.01. Posterior probabilities were calculated for each node. RAxML computed bootstrap percentages after 1000 replicates using the GTR + CAT model for the rapid bootstrapping algorithm.
Chromosome Mapping and Ancestral State Reconstruction
Chromosome character changes were mapped a posteriori onto the Bayesian topology retrieved from complete mitochondrial genomes using MacClade 4.08 (Maddison and Maddison 2005) . We assumed all characters to be unordered and equally weighted, and we estimated the maximum number of changes (ambiguous and unambiguous).
SIMMAP ver. 1.0 B2.3.2 (Bollback 2006 ) was used to estimate ancestral states of ambiguous chromosome translocations. The program explains the distribution of character states found in the terminal taxa by calculating the posterior probability distribution of the rate of change as well as the total number of character state changes. Samples from the posterior distribution are sampled by averaging over multiple trees and the number of changes is proportional to branch lengths while maintaining constant character states at the tips. Morphological priors must be specified as described in Meredith et al. (2008) . The Rate prior has a gamma distribution and is described by the parameters alpha (a) and beta (b). Given the difficulty in determining appropriate Rate priors, multiple combinations were investigated to determine the robustness of our ancestral state reconstructions. We chose the following 3 sets of priors: a = 1, b = 1; a = 3, b = 2; and a = 5, b = 5. Branch length proportionality was maintained by rescaling branch lengths before applying the prior, and 60 categories were used to make the gamma distribution discrete.
SIMMAP also places a symmetrical Beta prior for morphological state frequencies of 2-state characters called the bias parameter. The beta distribution is described by the parameter alpha (a). Multiple combinations of Beta prior were tested for a large or narrow distribution of alpha: a = 1, 50, and 100. Nineteen categories were used to make the beta distribution discrete. Analyses were run treating chromosome translocations as unordered character states. We used all postburning trees from the partitioned Bayesian analysis (5000 trees) with 10 and 100 draws from the prior distribution. Analyses with different Rate and Beta sets of priors yielded similar results (posterior probabilities always within 0.0000-0.0238), and we only report the results from the analysis with the Rate prior set to a = 3 and b = 2 and Beta prior to a = 1 (Supplementary Table S3 online).
In fulfillment of data archiving guidelines of the Journal of Heredity, we have deposited the primary data underlying these analyses to the Dryad electronic repository (http:// datadryad.org/).
Results
G-banded Karyotypes
Using karyotypic data, we assessed the genome-wide chromosomal and subchromosomal correspondence between 72 individuals of 6 Alcelaphini species and their relationship with cattle. All autosomal arms of Alcelaphini were identified with Bos homologues. The slight difference in chromosomes 9 and 14 between species of Bovinae (bovine type) and Alcelaphini (caprine type) described in Q-band studies by Evans et al. (1973) and Gallagher and Womack (1992) could not be detected with G-banding. The X chromosomes of all 6 species appeared homologous to the "suni acrocentric type" described by Robinson et al. (1998) .
The chromosome numbers in Alcelaphini varied from 2n = 36 to 2n = 58, whereas the NAA remained constant at 58 in all species ( 18, 4;7, 6;16, 8;11, and 10;12 and in A. buselaphus are 4;6, 11;15, and 22;23. Among the 72 individuals karyotyped, none of the 6 Alcelaphini species was polymorphic for the diploid chromosome number. Between subspecies, the G-banded karyotype of A. b. caama was indistinguishable from that of A. b. jacksoni, and karyotypes of C. gnou and C. t. albojubatus were identical to that of C. t. taurinus (Figure 1 ).
Phylogeny of Alcelaphini
Our chromosomal binary matrix comprised 23 characters (Supplementary Table S1 online) of which 15 were parsimony informative. The heuristic search with equal weighting found 1 parsimonious tree of 24 steps, with consistency index of 0.958 and retention index of 0.963 (Figure 2 ). Both species of Chonnochaetes, C. gnou and C. taurinus, were placed basal as unresolved lineages within Alcelaphini. Both species of Damaliscus were clustered in a monophyletic clade, with A. buselaphus as a sister species. Beatragus hunteri diverged earlier from the Damaliscus + Alcelaphus group. Bootstrap support values were robust only for clades involving the divergence of Damaliscus species and Alcelaphus + Damaliscus. 3;19, 4;6, 5;14, 7;9, 8;17, 11;15, 12;16, 22;23 Damaliscus pygargus 38 58 22 14 a a 1;10, 2;25, 3;19, 4;14, 5;6, 7;9, 8;17, 11;23, 12;16, 13;15, 20;22 Damaliscus lunatus 36 58 24 10 a a 1;10, 2;25, 3;19, 4;14, 5;6, 7;9, 8;17, 11;23, 12;16, 13;15, 18;24, 20;22 Bolded chromosomes are conserved among the 6 species; underlined chromosomes are conserved among Beatragus, Alcelaphus, and Damaliscus. Italicized chromosomes are conserved only between Alcelaphus and Damaliscus. Diploid chromosome numbers (2n) and number of autosomal arms (NAA) are indicated, as well as the number and type of metacentric/submetacentric (m/s) or acrocentric/telocentric (a/t) autosomes and sex chromosomes (X, Y).
The Bayesian inference and ML analysis with RAxML using complete mitochondrial genomes generated identical topologies with highest levels of support for all nodes, including bootstrap and posterior probability values. The molecular phylogeny of Alcelaphini showed an early divergence of Connochaetes species from Alcelaphus, Beatragus, and Damaliscus, forming a monophyletic group (Figure 2) . Alcelaphus buselaphus diverged first and B. hunteri and Damaliscus are sister taxa. Molecular and cladistic analyses only differed in the position of B. hunteri among Alcelaphini, which perhaps results from homoplasic chromosome traits shared among species. This might explain low levels of bootstrap support for B. hunteri in the cladistic analysis. 
Chromosome Evolution
Chromosome character changes were mapped onto the Bayesian topology generated from complete mitochondrial genomes to interpret chromosome evolution in Alcelaphini. The parsimony analysis mapped 21 centric fusions, 5 of which were ambiguously placed across the clade comprising Alcelaphus, Beatragus, and both Damaliscus species. Ambiguous centric fusion corresponded to potentially homoplasic traits shared between Alcelaphus and Damaliscus (1; 10, 7; 9, 8; 17, and 12; 16) and Alcelaphus and Beatragus (5;14; see Supplementary Figure S1 online). Unambiguous centric fusion mapped in the Alcelaphini phylogenetic tree include 1) 1 centric fusion (2;25) appeared to occur in the ancestor of Alcelaphini, giving origin to the diploid ancestral number of all Alcelaphini and the current Connochaetes species (2n = 58), in comparison to the ancestral karyotype condition of Bovidae (2n = 60). 2) One translocation (3;19) in the ancestor of Alcelaphus + Beatragus + Damaliscus. (4;14, 5;6, 11;23, 13;15, and 20;22) . 4) Autopomorphic translocations in A. buselaphus (4;6, 11;15, and 22;23), B. hunteri (1;18, 4;7, 6;16, 8;11, and 10;12), and D. lunatus (18;24) .
3) Five derived centric fusions in the ancestor of Damaliscus
Ambiguously mapped chromosome changes were further analyzed using a probabilistic approach for inferring ancestral chromosome states. This approach estimated posterior probability values for all internal nodes. For centric fusion 1;10, posterior probability estimates showed a 58% chance of this translocation being present in the ancestor of Alcelaphini, 96% in the ancestor of Alcelaphus + Beatragus + Damaliscus, 97% in the ancestor of Beatragus + Damaliscus, and 99% in the ancestor of Damaliscus (Figure 3) . Similar results were observed for centric fusions 7;9; 8;17, and 12;16 (see Supplementary Table S3 online). In the case of Rb translocation 5;14, posterior probability estimates showed a 34% chance of this centric fusion being present in the ancestor of Alcelaphini, 70% in the ancestor of Alcelaphus + Beatragus + Damaliscus, 61% in the ancestor of Beatragus + Damaliscus, and 1% in the ancestor of Damaliscus (Figure 3) . The probabilistic approach made it possible to infer the evolution of ambiguous centric fusions on the Alcelaphini phylogenetic tree (Figure 4) . The ancestral state analysis suggested that chromosome rearrangements 1;10; 7;9; 8;17, and 12;16 likely appeared in the ancestor of Alcelaphus + Beatragus + Damaliscus (2n = 46) and were independently lost in B. hunteri. The genus Beatragus then shows a reversion toward the ancestral state observed in B. taurus, a condition also shared with Connochaetes by convergent evolution. The derived centric fusion 5;14 was also likely present in the ancestor of Alcelaphus, Beatragus, and Damaliscus, thus having the same evolutionary origin in the Alcelaphus and Beatragus lineages. Independent evolution probably happened in Damaliscus, producing the loss of that translocation and reversion toward the ancestral state in B. taurus. Damaliscus and Connochaetes share the lack of this centric fusion by independent evolution. Twelve centric fusions in total occurred to generate the 
Discussion
Alcelaphini Karyotypes
In this study, we karyotyped 72 captive individuals from 6 species of Alcelaphini and identified all chromosome arms to Bos homologues. Our results for chromosome G-banding and centric fusions were similar to previous reports using nondifferentially stained and banded chromosomes (Hsu and Benirschke 1971a , 1971b , 1974 , 1975 van der Veen and Penzhorn 1987; Corbet and Robinson 1991; Kumamoto et al. 1996) and comparative painting approaches (Rubes et al. 2012) . As showed by Rubes et al. (2012) , there is a remarkable conservation of autosomal banding patterns in Bovidae, in contrast to a variety of X chromosomes which includes 1 submetracentric and 2 acrocentric morphologies, including the "suni acrocentric type" X (Robinson et al. 1998 ) present in Alcelaphini. The total number of centric fusions identified in Alcelaphini validates Huang et al. (2011) using cross species chromosome painting, that suggest 12 Rb translocations occurred to derive the D. lunatus karyotype from the bovid ancestral condition. We showed that D. lunatus (2n = 36) and D. pygargus (2n = 38) differ from each other by a single Rb translocation, whereas A. buselaphus (2n = 40) and B. hunteri (2n = 44) are significantly more rearranged, as indicated in Kumamoto et al. (1996) . Our study also revealed that Rb translocation 3;19 is not diagnostic of the tribe Alcelaphini as proposed by Robinson and Ropiquet (2011) given it is not present in the genus Connochaetes. Centric fusion 3;19 is, however, a synapomorphic translocation among Alcelaphus, Beatragus, and Damaliscus. Rb translocation 2;25 marks, in contrast, the divergence of all Alcelaphini species and not exclusively Damaliscus as proposed in the study by Huang et al. (2011) .
Phylogeny and Homoplasy
By combining chromosome data and complete mitochondrial genomes, we inferred the phylogenic relationships among Alcelaphini and determine patterns of chromosomal evolution. Our results provide a solid framework to clarify the phylogenetic relationships of this group of antelopes 0.1 Bos taurus (2n=60) Oryx dammah (2n=58) Connochaetes taurinus (2n=58) Connochaetes gnou (2n=58) Alcelaphus buselaphus (2n=40) Beatragus hunteri (2n=44) Damaliscus lunatus (2n=36) Damaliscus pygargus (2n=38) Supplementary Table S1 online. Divergence times (in million years), according to Hassanin et al. (2012) , are indicated in nodes representing the splits of Bovidae, Alcelaphini + Hippotragini, and Alcelaphini.
and understand the role of chromosome changes in their speciation. Previous phylogenetic studies of Alcelaphini failed to generate a consensus phylogeny due to the lack of resolution among taxa and incomplete sampling. Our molecular phylogeny considering complete mitochondrial genomes of all Alcelaphini species provides resolution and high phylogenetic support for all branches of the tree. Our findings support a previous work on mitogenomes of Cetartyodactyla grouping Alcelaphus and Damaliscus, and as sister taxon Connochaetes, with the exception of the critically endangered B. hunteri that was not included in that study (Hassanin et al. 2012) .
The molecular phylogeny of Alcelaphini differed from the cladistic tree of chromosome characters in the position of Beatragus. This incongruence may be explained by the presence of homoplasic centric fusions among species. The relatively large number of acrocentric chromosomes in bovid karyotypes may facilitate centric fusion/fission events, resulting in species sharing similar centric fusions that potentially have an independent evolutionary origin. In fact, homoplasy is not uncommon in chromosome traits of bovids as showed by Robinson and Ropiquet (2011) in 52 taxa, identifying 27% of 155 chromosome characters analyzed as potentially homoplasic.
Homoplasic chromosome translocations in Alcelaphini reside between Beatragus and Alcelaphus branches that share 1 derived centric fusion (5;14) and between Damaliscus and Alcelaphus that additionally share 4 distinct centric fusions (1;10, 7;9, 8;17, and 12;16) . Rb fusions are often been considered polymorphic and phylogenetically uninformative among bovids (Robinson and Ropiquet 2011) , but in our study, chromosomal changes appear to have marked speciation events for the genera Alcelaphus, Beatragus, and Damaliscus.
Chromosome Evolution
A robust phylogeny of Alcelaphini and the application of a probabilistic approach for reconstructing ancestral states allowed us to identify likely scenarios of chromosome evolution in alcelaphines. Previous works considering an incomplete taxonomic sampling made interpretation of chromosome evolution somewhat tenuous (Buckland and Evans 1978b; Gallagher and Womack 1992; Kumamoto et al. 1996; Huang et al. 2011) . Our findings provide a comprehensive interpretation of chromosome evolution within the group, suggesting that chromosome changes leading to speciation do not exclusively involve diploid number reductions due to centric fusion but also the losses and reversions of Rb translocations. This less parsimonious scenario is particularly anticipated for Beatragus and Damaliscus, whose diploid chromosome numbers seem to have resulted from multiple gains and losses of centric fusions. A different interpretation was proposed by Huang et al. (2011) in which chromosome evolution of Beatragus and Damaliscus resulted from consecutive gains of centric fusions. As this study did not include species such as Alcelaphus and Connochaetes, their results, although consistent with their data, provide an incomplete scenario of chromosome evolution of Alcelaphini. Convergent evolution of chromosomal characters by reversion events has also been documented in other taxonomic groups such as primates, particularly in callitrichine lineages (Platyrrhini) in which translocations and inversions were identified (Gerbault-Serreau et al. 2004) . Callitrichines, as opposed to Alcelaphini, have a slightly deeper evolutionary history, with a time of divergence about 12 million years ago (Schrago 2007) . Our results provide evidence that complex scenarios of chromosomal rearrangements can be detected in relatively recent-evolved bovids, as observed in Alcelaphini, with a divergent time between the late Miocene and Pliocene (6-9 million years ago; Hassanin et al. 2012) .
Reversion (loss) of chromosomal translocation 5;14 in Damaliscus can alternatively be explained by the retention of ancestral chromosomal polymorphism through multiple speciation events or hemiplasy, as suggested by Robinson and Ropiquet (2011) in other bovid species. This scenario is not completely rejected by the probabilistic reconstruction of ancestral states given that in all cases the likelihood of showing the 5;14 translocation was less than 70%. Hemiplasy, or incomplete lineage sorting, requires short interval times for the divergence of species for which chromosome polymorphism could persist over several speciation nodes (Robinson et al. 2008) . This is a possible scenario for the divergence of Alcelaphus, Beatragus, and Damaliscus showing short internal branches and a molecular dating of about 6 million years (Hassanin et al. 2012) . Hemiplasy has been suggested to occur in species of Caprini (Ovis) and Bovini (Bos) during the evolution of Rb translocations (Robinson and Ropiquet 2011) . Reticulate evolution may also produce the conversion of chromosome characters, as shown in the waterbuck (Kobus ellipsiprymnus) in which Rb translocations evolved independently between lineages and then become introgressed via secondary contact ).
Conservation and Management
Among the 6 Alcelaphini species karyotyped, none was intraspecifically polymorphic in chromosome number suggesting conserved karyotypes and the lack of de novo chromosomal rearrangements or hybridization in these captive populations. However, interspecific hybridization is not uncommon in bovids, with cases that include species of Tragelaphini, Hippotragini, Cephalophini, Caprini, and Alcelaphini (Van Gelder 1977; Robinson and Harley 1995; Ropiquet and Hassanin 2006) . Specifically in Alcelaphini, viable, but sterile, F1 progeny of A. buselaphus × D. pygargus has been reported , in contrast to fecund C. gnou × C. taurinus hybrids (Fabricius et al. 1988) .
Populations managed for conservation may be vulnerable to outbreeding depression if founders are taken from genetically differentiated populations (Marshall and Spalton 2000) . Cases of admixture and hybridization between species demonstrate the importance of cytogenetic studies in wildlife management and conservation (Robinson and Elder 1993; , in particular for critically endangered species such as B. hunteri, or animals selected for captive breeding, reintroduction, or translocation programs (Pagacova et al. 2011 ).
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